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Chapter 3

Ion-PAH collisions: kinetic
energy releases for specific
fragmentation channels

We report on 30 keV He2+ collisions with naphthalene (C10H8) molecules, which
leads to very extensive fragmentation. To unravel such complex fragmentation
patterns, we designed and constructed an experimental setup, which allows for the
determination of the full momentum vector by measuring charged collision products
in coincidence in a recoil ion momentum spectrometer (RIMS) type of detection
scheme. The determination of fragment kinetic energies is found to be considerably
more accurate than for the case of mere coincidence time-of-flight spectrometers. In
fission reactions involving two cationic fragments, typically kinetic energy releases
of 2-3 eV are observed. The results are interpreted by means of DFT calculations
of the reverse barriers. It is concluded that naphthalene fragmentation by collisions
with keV ions clearly is much more violent than the corresponding photofragmenta-
tion with energetic photons. The ion induced naphthalene fragmentation provides
a feedstock of various small hydrocarbonic species of different charge states and
kinetic energy, which could influence several molecule formation processes in the
cold ISM and facilitates growth of small hydrocarbon species on pre-existing PAHs.
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3.1 Introduction

Over the last two decades, the ionization and fragmentation of polycyclic aromatic
hydrocarbons (PAHs) upon interaction with energetic photons has received broad
attention. This is particularly due to the fact that PAHs are generally considered
to be an abundant and ubiquitous component of the interstellar medium (ISM).
There, PAHs are ionized and dissociated by interactions with energetic photons,
electrons and ions [1]. As a consequence, photoionization and photofragmentation
of gas-phase PAHs has been investigated in great detail [2]. For selected molecules
such as coronene, electron impact ionization [3] and electron attachment [4] was
studied.

Until now, only a few, very recent, studies have focused on keV ion interac-
tions with either intermediate size PAH monomers such as anthracene [5, 6, 7, 8],
coronene [9], fluoranthene [10] and pyrene [9], or with PAH clusters [11, 12]. Be-
cause not only electron capture [13] but also elastic interactions with molecular
constituents [14] and inelastic interactions with the molecular valence electrons
[14, 5, 15] contribute strongly, PAH cations resulting from keV ion collisions are
typically highly excited and subject to extensive fragmentation. The associated
complex fragmentation patterns render a detailed analysis of selected fragmenta-
tion channels difficult.

Together with the LASIM/Université Lyon group, we have recently investigated
5 keV H+ collisions with anthracene (C14H10) molecules by means of a combination
of double charge transfer spectroscopy and time-of-flight (TOF) mass spectrometry
[6]. This technique allows for the precise determination of the excitation energy
deposited into the PAH for selected prominent fragmentation channels. There is,
however, still a source of ambiguity. The kinetic energy releases (KERs) associated
to the different fragmentation channels, could not be determined with sufficient
precision and accordingly the energetics of the fragmentation reaction remain in-
completely determined. As a consequence, a direct comparison between experiment
and theory is difficult. Furthermore, KER values are of great astrophysical interest
by themselves, as fragment ion kinetic energies are strongly influencing subsequent
ion-chemical reactions in the ISM. It is the purpose of this work to determine reli-
able KER values for keV ion induced fragmentation of a model PAH and compare
the results to quantum chemical calculations. To reduce complexity, i.e. the num-
ber of possible fragmentation channels, it is most straightforward to investigate
keV ion collisions with naphthalene, the smallest PAH. For example, photofrag-
mentation of naphthalene monocations was studied in the excitation energy range
from 7-22 eV and naphthalene dications were studied after double ionization with
40.8 eV and 34.8 eV photons [16, 17, 18]. Other studies addressed multiphoton
ionization [19] and VUV photoionization [20].

PAHs of astrochemical interest are substantially larger than naphthalene. How-
ever, it can be expected that fragmentation dynamics in the naphthalene model
system already exhibits many features present in the larger systems [21]. Here
we use 30 keV He2+ to ionize naphthalene molecules and unravel its subsequent
break-up channels, which proceed via molecular rearrangement processes. As a
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characteristic property, such fragmentation channels usually feature an activation
barrier that determines the actual kinetic energy release.

We employ recoil ion momentum spectroscopy [22] as the method of choice
for KER determination. In the following, the experimental technique will be in-
troduced and the KER determination procedure will be outlined. Results for an
extensive set of fragmentation channels will be presented and compared to theo-
retical data. Eventually, the results will be briefly discussed in an astrochemical
context.

3.2 Experimental approach

The experimental data presented in this work was obtained using a recently com-
missioned recoil ion momentum spectrometer at the ZERNIKELEIF facility (Uni-
versity of Groningen, The Netherlands), in which a seeded jet is crossed with a
beam of highly charged ions. A schematic view of the setup is displayed in figure
6.1.

The seeded jet is produced by passing neon as a carrier gas through an oven
containing naphthalene in powder form (purity level 99%, Sigma Aldrich). The
oven temperature was set to 390 K and the gas mixture is then expanded through
a 100 µm conical nozzle into the vacuum of the expansion chamber. The jet is pass-
ing a trumpet-shaped (1 mm diameter) skimmer, which separates the expansion
chamber from a differential pumping stage and ensures a laminar jet flow. The jet
passes two differential pumping stages before it enters the collision chamber via a
second skimmer (1 mm diameter).

The He2+ ion beam is produced by a 14 GHz Electron Cyclotron Resonance Ion
Source (ECRIS). The beam passes a chopper-sweeper system, in which ion pulses
of 4 ns duration can be produced at a 50 kHz repetition rate. The beam enters the
collision chamber via a 1 mm diaphragm and is focused through a 1 mm diaphragm
in front of a Faraday cup, which ensures a well defined interaction region. In the
current experiment the source was biased at 15 kV to obtain the desired kinetic
energy of 30 keV.

After the ion-molecule interaction, cationic collision products are extracted into
a time focusing Wiley-Mclaren type spectrometer which consists of a series of ring
electrodes with a total length of 57 mm and a field free drift region of 115 mm. The
ions are detected on a 40 mm chevron type micro-channel-plate detector, equipped
with a delay line anode. The delay line signals are amplified and selected by
means of differential amplifiers and constant fraction discrimators. The amplified
and discriminated signals are processed by an 8 channel time-to-digital converter
(TDC), which can be operated in coincidence mode. The TDC information is used
to reconstruct both time-of-flight and position of collision products in coincidence.
In this experiment an extraction field of 27 V/mm was used.
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Figure 3.1: A schematic picture of the spectrometer: a neutral jet of neon is seeded
with naphthalene and passes two laminar flow skimmers. The beam of He2+ ions,
extracted from an ECRIS, is pulsed by a chopper-sweeper system and focused
by an ion lens. The two beams cross each other in the center of a time-of-flight
spectrometer, which is equipped with a position sensitive detector.

3.3 Results

Figure 3.2 shows a total time-of-flight mass spectrum of the collision and ionization
products. The features in this mass spectrum can be roughly divided into three
categories: background features, and sharp and broad features related to naph-
thalene. The background features are labeled a - g (green). The strongest peaks
(a,b,c,d) are due to single and double ionization of the neon carrier gas. Peaks
a,b,c, and d are 20Ne2+, 22Ne2+, 20Ne+, and 22Ne+, respectively. Peaks e, f, and
g are due to H2O+, N+

2 /CO+ and CO+
2 , respectively, which come along with the

jet or are present in the residual background gas (≤ 10−9mbar).

The sharp features are attributed to naphthalene product ions that have almost
zero kinetic energy. Therefore, these peaks are expected to originate from non-
dissociative ionization and losses of neutral fragments. The sharp feature at m/q =
128 is the singly ionized parent molecule naphthalene C10H+

8 . The inset shows that
peaks at m/q = 126, 127, 129, and 130 are present too. The peaks at m/q = 127
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and 126 are due to the loss of hydrogen. The peaks at m/q = 129 and 130 occur
because of the presence of one or two 13C isotopes. The peak intensities match the
natural 13C abundance of 1.1%. The sharp peaks at m/q = 64, 63.5, and 63 are
attributed to C10H2+

8 , C10H2+
7 , and C10H2+

6 , respectively. The peaks at m/q =
102 and m/q = 51 are due to emission of C2H2 from the naphthalene cation and
dication. The peak at m/q = 102 is broader than the peak at m/q = 51 and is weak
compared to the parent peak (m/q = 128). The broadening of the peak at m/q =
102 may be caused by contributions stemming from the emission of C2H+

2 from the
naphthalene dication. The sharp peaks are all related to ionization/fragmentation
channels in which only a single ion is produced.

In order to compare the intensities of the single ion events with double ion
events in the total mass spectrum, the transmission and detection efficiency of
the system should be considered. Before detection, the ions pass two grids which
have a total transmission of T = 0.66 and the geometrical detection efficiency for
keV ions is typically D = 0.60, which gives a total efficiency of TD = 0.39; The
velocity dependent detection efficiency of MCP’s has been measured for atomic ions
[23]. A similar measurement on the detection efficiency has been made for ionic
hydrocarbons, which lead us to the conclusion that the velocity dependent detection
efficiency is almost constant in our velocity range [24]. For these reasons, the
branching ratios were not corrected for possible small differences in the detection
efficiency.

The mass spectrum shows broad spectral features of charged hydrocarbonic
fragments ranging from CH+

n up to C9H+
n , labeled from 1 to 9 in figure 3.2 (purple),

i.e. according to the number of C atoms in the detected molecular ion. These peaks
appear broadened because of different numbers of hydrogen atoms attached to the
fragments and the kinetic energy which is set free during fragmentation into two
charged fragments. Many of the broad features can result from either true two-body
break up of the parent naphthalene molecule or multistep fragmentation channels
in which, for instance, hydrogen atoms or C2H2 units are followed by a two body
fission. The actual fragmentation channels which contribute to these broad spectral
features can be further identified if one explores the ion-ion coincidence mode.

Figure 3.3 presents a coincidence map of the time-of-flight of the first frag-
ment versus the time-of-flight of the second fragment. The branching ratios of all
fragment correlations are tabulated in table 3.2. The upper diagonal of islands
represents fragmentation channels of the following form:
C10H2+

8 −→ C10−kH+
n + CkH+

m + (8− n−m)H. The last term corresponds to the
total number of hydrogen atoms which was emitted in either atomic or molecu-
lar form. In these islands the different fragmentation channels are excellently re-
solved, which is illustrated in figure 3.4 for the C2H+

n + C8H+
m, C3H+

n + C7H+
m and

C4H+
n + C6H+

m correlations. From the correlation diagram it is also evident, that
many multi fragment dissociation channels contribute, which are relatively strong
as compared to two-body break-up channels. The correlation islands in which the
number of C atoms is not conserved are broadened due to different hydrogenation
states and kinetic energy releases. Therefore, only in the non carbon conserving
islands C2H+

n + C6H+
m and C3H+

n + C5H+
m different fragmentation channels can be
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resolved. In table 3.1 all resolved fragmentation channels are listed together with
their branching ratios.

As both the x and y position on the detector and the time-of-flight t are mea-
sured for each fragment, the full momentum vector of the fragments can be recon-
structed. The momentum vector is constructed as follows,

~v =

{
x− x0

t
− vjet,x,

y − y0

t
,
qE

m

(√
m

q
k − t

)}
, (3.1)

in which x0, y0 are the interaction point in the detector plane, vjet,x is the initial ve-
locity of the jet, q is the charge state of the fragments, m is the mass of the fragment,
and E is the applied extraction field. The constant k represents all geometrical
parameters of the spectrometer design and the field settings in the different regions
of the spectrometer, and is calibrated experimentally. The momentum vector can
then easily be converted into the kinetic energy of the fragment. For all fragmenta-
tion channels which are resolved in the correlation diagram, parallelogram shaped
selections were made for constant m1, m2, q1, and q2, the masses and charges of
the first and second fragment. In figure 3.5 the kinetic energy distributions of six
fragmentation channels are displayed. Channel a) is the mere evaporation of a neu-
tral C2H2 unit. The kinetic energy of the residue was directly measured and the
kinetic energy of the neutral fragment was reconstructed by using momentum con-
servation. The channels b), c) and d) are all true two-body break-up fragmentation
channels. The kinetic energies of both fragments were measured directly with the
sum of the fragment kinetic energies being equal to the total kinetic energy released
in the fragmentation channels. The channels e) and f) are multistep fragmentation
channels involving the loss of a neutral C2H2 fragment, followed by a two-body
fission of the residue. The energy of the charged fragments was measured directly
and the energy of the neutral fragment was reconstructed by applying momentum
conservation. All kinetic energies determined are listed in table 3.1.

3.4 Discussion

3.4.1 Time-of-flight mass spectra and correlation diagrams

The total time-of-flight mass spectrum in figure 3.2 confirms that ion collisions with
naphthalene cause very extensive fragmentation. This is consistent with previous
work in which small PAHs were exposed to energetic ions [5, 6]. Roughly, one could
divide the fragmentation channels into three groups: evaporation of neutral frag-
ments, fission into two charged fragments, and multistep fragmentation channels.
The sharp peaks (labeled red and blue in figure 3.2) are attributed to evaporation
of small neutral fragments (H and C2H2) from the naphthalene cation and dication
while the broad features contain fragments which are emitted in a two-body fission
or a multistep fragmentation channel. In this mass spectrum the two-body fissions
and the multistep channels cannot be unambiguously resolved from each other.
From this spectrum one may draw the conclusion that the evaporation of neutral
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Fragm. 1 Fragm. 2 Neutral KE 1 KE 2 KER b.r. Eb,dft Er,dft

eV eV eV eV eV

1 CH+
3 C9H+

5 - 2.0 0.3 2.2 0.14 6.31 1.54

2 C2H+
3 C8H+

5 - 1.9 0.5 2.4 0.50 6.13 2.55

3 C2H+
2 C8H+

6 - 2.0 0.5 2.5 1.00 - -

4 C2H+
2 C8H+

2 4H 2.1 0.6 2.6 0.42 - -

5 C2H+
3 C8H+

3 2H 2.0 0.6 2.5 0.28 - -

6 C2H+
2 C8H+

2 4H 2.1 0.6 2.7 0.26 - -

7 C2H+
3 C6H+

3 C2H2 2.0 0.5 2.5 1.72 - -

8 C2H+
2 C6H+

2 C2H2+2H 2.1 0.6 2.7 1.72 - -

9 C3H+
2 C7H+

6 - - - - - 6.82 3.39

10 C3H+
3 C7H+

5 - 1.9 0.8 2.7 1.00 5.22 2.19

11 C3H+
3 C7H+

3 2H 1.9 0.9 2.7 0.99 - -

12 C3H+
3 C5H+

3 C2H2 1.9 1.0 2.9 1.55 - -

13 C4H+
2/3

C6H+
6/5

- 1.8 1.2 2.9 0.50 - -

14 C4H+
3 C6H+

4 H 1.7 1.1 2.8 0.46 - -

15 C4H+
3 C6H+

3 2H 1.7 1.1 2.9 0.50 - -

16 C4H+
3 C6H+

2 3H 1.8 1.2 3.0 0.82 - -

17 C4H+
2 C6H+

2 4H 1.8 1.2 3.1 1.26 - -

Table 3.1: Fragmentation channels with kinetic energy releases and branching ra-
tios, normalized to the strongest two-body fission, C3H+

3 + C7H+
5 . In the text, the

fragmentation channels are labeled according to the labels in the first column. In
the columns labeled with Fragm. 1, Fragm. 2, and Neutral the first charged frag-
ment, the second charged fragment and the neutral (not detected) fragments are
listed. In column KE 1 and KE 2 the kinetic energy of the first charged fragment
and the second charged fragment are given, as well as the total kinetic energy re-
lease KER. The branching ratios for these fragmentation channels are given in the
column labeled with b.r. For the channels which we studied by DFT calculations,
the theoretical activation energy Eb,dft and the theoretical reverse barriers Er,dft
are also listed.

correlation b.r. correlation b.r. correlation b.r.
C1 − C9 0.02 C1 − C2 0.71 C3 − C7 0.35
C1 − C7 0.05 C2 − C8 0.20 C3 − C6 0.07
C1 − C6 0.07 C2 − C7 0.04 C3 − C5 0.66
C1 − C5 0.23 C2 − C6 0.28 C3 − C4 0.79
C1 − C4 0.30 C2 − C5 0.43 C4 − C6 0.31
C1 − C3 0.76 C2 − C3 1 C4 − C5 0.12

Table 3.2: Overview of all correlations (figure 3.3) normalized to the strongest
channel.
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Figure 3.2: The total time-of-flight mass spectrum after collisions between C10H8

and 30 keV He2+ ions. The background features are labeled a-g in green. The
inset displays a zoom of the naphthalene cation feature with smaller features for
hydrogen emission at m/q = 126 and m/q = 127 and for the carbon isotopes at
m/q = 129 and m/q = 130. The broad features are labeled from 1-9 (purple),
indicating the number of carbon atoms in the fragments.

fragments is weak as compared to two body fission or multistep fragmentation,
but the broad spectral features are likely to contain also contributions of charged
fragment emission preceded by the emission of neutrals.

These complicated fragmentation channels are further unraveled by interpreta-
tion of the correlation diagram in figure 3.3. The upper diagonal represents the
carbon conserving dissociation channels: C1 − C9, C2 − C8, C3 − C7 and C4 − C6.
The second diagonal shows rather weak features C1 − C8, C2 − C7, C3 − C6 and
C4 − C5. The islands on the third diagonal, C1 − C7, C2 − C6, C3 − C5, are again
much stronger. This hints directly at the importance of multistep fragmentation
channels of following nature:

C10H2+
8 −→ C2H2 + C8H2+

6 −→ C2H2 + CpH+
n + CqH+

m (3.2)

This multi-step nature of evaporation and fission is also manifest in the internal
structure of the coincidence islands. In the correlation C2 − C6 the internal struc-
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Figure 3.3: A correlation diagram which represents fragmentation channels in which
two fragments are detected in coincidence after collisions between C10H8 and 30
keV He2+ ions. The islands are labeled according to the number of carbon atoms
in the fragments. The branching ratios are listed in table 3.2.

ture clearly shows the correlations C2H+
3 + C6H+

3 (7) and C2H+
2 + C6H+

2 (8), which
are associated with additional C2H2 and C2H4/C2H2 + 2H emission, respectively.
The slopes of these fragment correlation islands is -1, indicating that the most com-
mon pathway is emission of a neutral fragment, followed by a charged fragment
fission. This suggests that the residue molecular ion after a neutral C2H2 emission
can act as a precursor for further fragmentation. This is consistent with previous
DFT calculations which showed relatively low dissociation energies for neutral H
and C2H2 emission from several PAHs [21].

Figure 3.4 displays islands that exhibit a rich internal structure, in which dif-
ferent hydrogenation states are resolved. The correlations C1H+

3 − C9H+
5 (channel

1), C2H+
2 − C8H+

6 (3), C2H+
3 − C8H+

5 (2), C3H+
3 − C7H+

5 (10), C4H+
2 − C6H+

6 (13),
and C4H+

3 − C6H+
5 (13) are pure fission channels, without additional losses. The

zooms also show islands for channels in which additional hydrogen atoms are emit-
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Figure 3.4: Time-of-flight correlations of C1H+
n − C9H+

m, C2H+
n − C8H+

m,
C3H+

n − C7H+
m, and C4H+

n − C6H+
m. The labels (red) correspond to the fragmen-

tation channels which are listed in table 3.1.

ted. These channels are of the following nature:

C10H2+
8 −→ kH + C10H2+

8−k −→ kH + C10−pH+
8−k−m + CpH+

m (3.3)

To illustrate this further, in the correlation C4 − C6 the strongest fragmentation
channel is the emission of 4H/2H2 (17) in combination with a two-body fission
into C4H+

2 + C6H+
2 . This suggests that the emission of hydrogen atoms is a rele-

vant first step in this fragmentation channel, to create the precursor C10H+
4 from

which the two charged fragments are emitted. Another example is the correlation
C3H+

3 + C7H+
3 (11), which is associated with emission of 2 hydrogen atoms fol-

lowed by fission into C3H+
3 and C7H+

3 . This fragmentation channel is almost as
strong as the correlation C3H+

3 + C7H+
5 , which is a pure fission channel.
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The spectra can be directly compared to photoelectron-photoion-photoion
(PEPICO) spectra, in which similar correlation diagrams were produced after expo-
sure of naphthalene with photons [17, 18]. In these spectra the two-body break-up
fragmentation channels are clearly stronger than multistep fragmentation channels.
The excitation energy which causes such multistep fragmentation channels were re-
cently measured for anthracene, which was exposed to fluorine ions [7] and protons
[6]. These studies showed that multistep fragmentation channels were associated
with very high excitation energies of more than 20 eV. As a conclusion, the com-
parison between the current experimental data and the PEPICO spectra shows
that ions are causing more damage to PAHs, because of higher energy depositions.

3.4.2 Kinetic energy releases

The amount of energy released during a fragmentation process strongly depends on
the details of the potential energy surface. In the following discussion, we refer to
two different types of potential energy surfaces. In a type 1 process, the potential
energy is increasing continuously along the reaction coordinate until the dissocia-
tion limit is reached. Type 1 processes are characterized by a bell shaped kinetic
energy release distribution, which is centered close to zero and has an exponential
tail towards higher energies. The kinetic energy release in a type 1 process is a
measure for the internal excitation of the parent molecular ion. A type 2 process,
on the other hand, is characterized by a substantial atomic rearrangement, a tight
transition state and a high reverse barrier. Therefore, the kinetic energy release
distribution is centered around a nonzero value, which is equal to the reverse bar-
rier hight, assuming there is no coupling between the reaction coordinate and other
degrees of freedom [25].

In figure 3.5a, we display in the first two panels kinetic energy distributions of
the fragments which are involved in the emission of neutral C2H2 and in the panel
on the right the kinetic energy release distribution for this dissociation channel.
Although some atomic rearrangement is required to emit a C2H2 fragment, this
distribution is characteristic for a type 1 potential energy surface. Figures 3.5b-
d display three fission channels into two charged fragments. The kinetic energy
release distributions are all centered around a nonzero value, which is character-
istic for type 2 potential energy surfaces. In figures 3.5e and f the kinetic energy
distributions of three fragments which are involved in the two-step fragmentation
channels C10H2+

8 −→ C2H2 + C8H2+
6 −→ C2H2 + C5H+

3 + C3H+
3

and C10H2+
8 −→ C2H2 + C8H2+

6 −→ C2H2 + C6H+
3 + C2H+

3 are displayed. In both
fragmentation channels, the first step, emission of C2H2, is a type 1 process and
the second step, charged fission, is a type 2 process.
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Figure 3.5: Fragment kinetic energy distributions and kinetic energy release dis-
tributions of six fragmentation channels. Channel a) (top row) is the evaporation
of neutral C2H2. b), c), and d) refer to two-body fission channels. Channel e) and
f) are multistep fragmentation channels in which C2H2 is emitted and the residue
breaks into two charged fragments.
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In general, all fission processes into two charged fragments are type 2 processes
with high kinetic energy releases and high barriers. The amount of kinetic energy
release should be a direct measure for the hight of the reverse barriers. Although
several atomic rearrangement steps are needed for emission of neutral C2H2 from
a naphthalene cation or dication, the shape of the kinetic energy distributions
suggests that the potential energy is of type 1.In order to understand the occurrence
of type 1 and 2 processes, the potential energy surface should be explored, by
performing calculations of the dissociation barriers and the reverse barriers.

3.4.3 Reverse barrier calculations

The experimental kinetic energy releases were contrasted with Density Functional
Theory (DFT) calculations. The DFT calculations were performed by using the
B3LYP functional [26, 27] as implemented in the Gaussian09 package [28]. The
molecular geometries were optimized and the frequencies were calculated at the
B3LYP/6-311++G(2d,p) level in order to determine the local minima (66 real fre-
quencies) and transition states (65 real frequencies and 1 imaginary frequency).
The energies of the minima and the transition states were compared to the naph-
thalene dication ground state energy. All energies were corrected for the zero-point
energies, which were scaled with an asymmetry factor of 0.9877 [29]. The reverse
barriers were determined as the difference between the highest transition state of
a particular channel and the sum of the ground state energies of the products. In
all calculations we have only considered the lowest spin states.

The diversity of the fragmentation pattern already suggests that the potential
energy surface is rather complex. We therefore focused on a few simple two-body
break up fragmentation channels and used previous DFT studies on naphthalene
fragmentation as a guideline [30, 21, 31]. All dissociation channels (except simple
hydrogen atom emission) require multiple atomic rearrangements before a fragment
can be emitted. Every rearrangement can be associated with a transition barrier
between two minima. The highest barrier towards emission of a fragment deter-
mines the activation energy and the reverse barrier hight. We calculated reverse
barrier heights for emission of CH+

3 (1), C2H+
3 (2), C3H+

3 (10), and C3H+
2 (9). To

illustrate: the sum of the energies of the two fragments in fragmentation channel 1,
CH+

3 and C9H+
5 , was 4.87 eV. The activation barrier was 6.43 eV. The difference

between these two, 1.55 eV, is the reverse barrier for this particular fragmenta-
tion channel. All barriers and reverse barriers which were calculated by using this
method are tabulated in table 3.1.

The experimental kinetic energy release distributions for C2H2 emission (figure
3.5) show a maximum close to zero and a close to exponential decrease at higher
KERs. This indicates that after the last dissociation step the potential energy
is continuously rising towards the dissociation energy without passing a reverse
barrier. The DFT calculations showed that the adiabatic dissociation energy for
C2H2 emission from the naphthalene dication is 4.48 eV. The emission from the
naphthalene cation has a dissociation energy of 4.57 eV. There are no higher barriers
on the atomic rearrangement pathway towards the dissociation limit, which is fully
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consistent with the experimental data.

The kinetic energy release distributions for charged fragment emission are nearly
symmetric around a nonzero mean. This indicates that the associated fragmenta-
tion pathway has a nonzero reverse barrier. For fragmentation into CH+

3 and C9H+
5

(fragmentation channel 1) and C3H+
3 and C7H+

5 (fragmentation channel 10), the
fission distributions look very much like the type 1 distributions (C2H2-loss) but
with an offset corresponding to the reverse barrier. In these cases, the full kinetic
energy release distribution is shifted towards energies higher than the respective re-
verse barrier. This indicates that the parent system contained an amount of excess
energy insufficient to overcome a higher transition barrier and thus released as frag-
ment kinetic energy. In fragmentation channel 2, i.e. fragmentation into C2H+

3 and
C8H+

5 , the mean kinetic energy release approaches the value of the reverse barrier.
This suggests that the kinetic energy release distribution both contains processes
in which excess energy is released to the fragments and processes in which potential
energy was converted into internal heating of the separating fragments. Here, it is
important to note that the possibility that different pathways with lower barriers
do exist cannot be fully excluded. For the emission of C3H+

2 the theoretical ac-
tivation barrier is 6.82 eV, which is significantly higher than the other activation
barriers. This is in line with the fact that this process was not observed in the
experiments.

3.4.4 Astrophysical context

Interstellar PAH molecules, which are excited by UV photons or energetic ions can
relax either via infrared emission or via dissociation. A general consensus has been
reached that the infrared emission features of many interstellar objects should be
attributed to larger PAH molecules, containing more than 50 carbon atoms [1].
Many experiments on the interaction of UV photons or energetic ions with PAHs,
such as anthracene and naphthalene, have shown that particularly molecules of
this size rather relax in a dissociative way than via infrared emission, which is fully
consistent with the astronomical observations [2, 17, 18, 5, 6].

Astronomical implications of the dissociative nature of PAH interactions are
relatively short lifetimes. In the diffuse interstellar medium, rapid PAH photolysis
limits their lifetimes to orders of 108 years [14]. Similar timescales are predicted for
PAHs in the interstellar medium where they interact with interstellar shock waves
from supernova explosions, and for PAH destruction by energetic cosmic rays [14],
which play an important role in the chemistry of dense molecular clouds. On the
other hand, established routes towards PAH formation in the cold environment of
the interstellar medium involve more than an order of magnitude longer timescales
[32]. Paradoxically, substantial amounts of PAHs are thus observed in the inter-
stellar medium even though PAH destruction seems to outcompete formation. It
is therefore clear, that yet unobserved fast PAH formation channels must exist.

In regions in which the temperature is elevated to 1000 K, the HACA (Hydro-
gen Abstraction Carbon Addition) model is often employed as it could provide a
sequential PAH growth mechanism in which removal of an hydrogen atom from
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an existing PAH molecule is followed by addition of an acetylene fragment [33].
A number of alternative growth routes have been proposed, but all these routes
are only possible at high temperatures [34, 35, 36, 37, 33]. In the cold interstellar
medium, existing models of PAH formation require barrierless molecular associa-
tion channels and current research accordingly focuses on the identification of such
pathways. Bottom-up models involving the formation of small molecules such as
C6H6, CH4, and C4H2 were proposed by McEwan et al [38]. Here, the formation
for instance starts with an association reaction between H2 and C+ which form
CH+

2 . The formation of benzene (C6H6) then proceeds through a sequence with
intermediates C+

4 , C4H+, C4H+
2 , C4H+

3 , C6H+
5 , and C6H+

7 . All intermediates are
formed by association with hydrogen atoms and small molecules (H2, C3H, and
C2H2) and neutralization by electron impact. The process leads to formation of
a first aromatic ring but is considered an unlikely route towards PAH formation,
because of the high association barriers involved. Recently, Parker et al. [32] pre-
sented an alternative barrierless pathway for naphthalene formation, in which the
phenyl radical and vinyl acetylene are involved.

Ion-PAH interactions are however known to cause a very diverse fragmentation
pattern [5, 6, 7]. Consequently, the dissociation of small PAH molecules provides a
variety of small energetic hydrocarbonic molecular fragments (neutral and ionic),
which is particularly rich in terms of composition, charge state, and kinetic energy
distribution. The data presented in this article prove that molecular fragment ions
from ion-PAH collisions are energetic, with typical kinetic energies up to 2.1 eV.
The availability of energetic molecular ions in the otherwise cold interstellar en-
vironment opens up reaction channels towards PAH formation, which require to
overcome substantial association barriers. In such a scenario, violent PAH frag-
mentation generates a feeding stock for PAH growth, with small PAHs being par-
ticularly prone to violent fragmentation and large PAHs being more resilient. The
growth of large PAHs could thus be facilitated by fragmentation of small PAHs. A
similar mechanism has recently been observed for fullerene clusters [39]. Clearly,
quantum chemical calculations of the respective growth routes and their incorpo-
ration in PAH formation models would be necessary, to clarify whether energetic
PAH fragments play a relevant role. Such calculations are beyond the scope of this
article.

It is also feasible, that PAH fragments could play a crucial role in formation
reactions of other interstellar molecules, for instance oxygen and carbon bearing
species. Such molecules are thought to be formed in reactions between small hydro-
carbonic species with atomic oxygen. For instance, the reaction sequence towards
formation of CH+

3 and C2H+
3 starts with an association reaction between C+ and

H2 which forms CH+ and is inhibited by a high barrier of 4640 K [40]. Instead,
a slow reaction will occur in which C+ and H2 form CH+

2 . This radical ion can
efficiently react with H2 to form CH+

3 , which can react with atomic oxygen to form
HCO+. Eventually this pathway leads to CO formation. This reaction is thus lim-
ited by slow processes towards the formation of the CH+

3 ion, which can be avoided
if this intermediate is supplied by ion induced PAH fragmentation. Another exam-
ple is gas phase formation of interstellar propene (C3H6), which is observed in the
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cold core TMC-1 [41]. Lin et al [42] calculated the barriers for reactions between
C3H+

3 or C3H+
5 and H2 to be 3100 K and 3000 K, respectively. Because these steps

are crucial in the formation of propene, the conclusion was drawn that the gas
phase formation of propene is unlikely in the cold interstellar conditions. However,
a C3H+

3 fragment from naphthalene fragmentation with a kinetic energy of 1.9 eV
could easily overcome the reaction barrier and should be considered.

3.5 Conclusion

In this article we have presented the first Recoil Ion Momentum Spectroscopy
study on interactions between a small prototype PAH, naphthalene, and 30 keV
He2+ ions. We have identified several naphthalene fragmentation pathways and
measured their branching ratios and kinetic energy releases, which we compared
with theoretical reverse barriers obtained by DFT calculations. The results give a
detailed view on the diversity of naphthalene fragments in terms of composition,
charge state, and kinetic energy and proves that ion induced PAH dissociation could
provide a feedstock of energetic hydrocarbonic species in the cold ISM. Therefore,
we conclude that the search for molecular (PAH) formation pathways should be
slightly shifted from completely barrierless reactions routes towards pathways in
which low barriers have to be overcome.
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